The Lough Neagh Basin in Northern Ireland is the site of a Cenozoic depocentre defined by gravity measurements and a thick succession of Paleocene basaltic lavas and Upper Oligocene clays. Much of the Cenozoic outcrop is concealed by Lough Neagh, but the rhombic outline of the lough provides some indication of the underlying structural control of the depocentre. Several authors have inferred that a Cenozoic pull-apart basin lies within the Lough Neagh area and suggest it is one of a number of transtensional basins, including the Bovey and Petrockstow basins in SW England, associated with NW to NNW-trending strike-slip fault zones. Solid geology maps and gravity data show that the structure of the Lough Neagh Basin is dominated by a segmented, orthogonal pattern of offset NNW and NE-trending faults. It is proposed that pull-apart basin formation took place in the Mid-Paleocene by dextral movement on these offset faults. The potential link between strike-slip tectonics and Cenozoic volcanism in the north of Ireland is briefly considered.
Introduction
The nature and mode of formation of pull-apart basins have been the subject of study by many workers, and examples have been described worldwide (for example, Aydin & Nur 1982; Mann et al. 1983; Sylvester 1988; Bartholomew et al. 1993; Oudmayer & de Jager 1993; Dooley et al. 1999; Reijs & McClay 2003) . Pull-aparts are generally defined as zones of extension produced at bends or step-overs in a strike-slip fault system. Some of the features characteristic of mapped pull-apart basins worldwide are: In the British Isles, Cenozoic pull-apart basins have been described in the Southern North Sea (Smith 2004) , in the Bristol Channel (the Lundy pull-apart basin, Arthur 1989) , and in SW England where the Bovey and Petrockstow basins were formed by Early Cenozoic strike-slip reactivation of the NW-trending Sticklepath-Lustleigh Fault ( Fig. 1 ; Holloway & Chadwick 1986; Bristow & Robson 1994) . This fault forms part of a NW-to NNW-trending system of strike-slip faults that transect western Britain and Ireland and which have a history of -2 -LOUGH NEAGH CENOZOIC PULL-APART BASIN reactivation during the Permian, Mesozoic and Cenozoic (Lake & Karner 1987; Ziegler 1990 ).
From the presence of a combination of the features listed above, together with its location on a NNW-trending fault zone, several workers have inferred a pull-apart origin for the Cenozoic depocentre situated within the Lough Neagh Basin (Jenner 1981; Parnell et al. 1989; Ziegler 1990 ). However, the nature of this pull-apart basin has not previously been described in detail. The shape of the basin, which probably contains the thickest preserved Cenozoic succession in onshore Ireland, is defined by gravity data which are constrained by borehole information ( Fig. 2 ; Carruthers et al. 1987; British Geological Survey 1997) . Much of the Cenozoic outcrop is concealed by Lough Neagh itself which, with an area of 396 km 2 , is the largest lake in the British Isles.
Gravity data provide complete representation of regional Bouguer anomaly variations in Northern Ireland. They consist of a total of about 11,500 observation points whose distribution was largely governed by the road network, but also includes data from the bottom of Lough Neagh (Carruthers et al. 1987) . Although the shape and trends of the Permo-Triassic and Cenozoic basins can be delineated, depths to the Permo-Triassic beneath Lough Neagh are sensitive to the thickness assumed for Lough Neagh Group. The thicknesses assumed by Carruthers et al. (1987) were constrained by local drilling and seismic surveys.
This paper describes the characteristics of the Cenozoic depocentre situated within the Lough Neagh Basin using information derived from boreholes, mapped faults and geophysical data.
These defining characteristics, combined with the regional structural setting, have enabled the development of the basin during the Cenozoic to be described. Finally, the implications of these observations for the regional geology of the Lough Neagh area are discussed.
Geological setting
The NE-trending Lough Neagh and Larne basins (and the Rathlin Trough to the north of the Highland Border Ridge) comprise the onshore part of the Ulster Basin (Figs. 1 & 3; Ziegler 1990; Naylor 1992 (Figs. 1 & 3) . Both these fault zones originated during the Caledonian Orogeny (Floyd 1994; Phillips 2001) . Evidence from the Midland Valley of Scotland suggests that these Caledonian basement faults were subsequently reactivated, both in a dip-slip and strike-slip sense, during
Carboniferous basin formation and that Early Carboniferous sedimentation was mainly focused between these major faults (Read 1988; Anderson et al. 1995; Ritchie et al. 2003) .
During the Late Carboniferous this NE-SW control on sedimentation may have been replaced by subsidence along NNW-SSE trends (Anderson et al. 1995) . The Late Carboniferous also marked the initiation of the Ulster Basin that continued in its development throughout the Permian and Mesozoic ( Fig. 1; Ziegler 1990 ). Penn et al. 1983) , succeed thin Early Permian breccias and form part of this widespread Lower Permian volcanic province (Wilson et al. 2001) .
In Northern Ireland, Permian and Mesozoic sediments occur in NE-SW trending basins (Parnell et al. 1989 ) reaching a maximum depth of 3.5 km ±0.5 km, with some control being exercised by a NNW-trending structural component (Illing and Griffith 1986; Carruthers et al. 1987) . Syndepositional fault activity along NE-SW trending faults has been interpreted by Anderson et al. (1995) from local mapping. It has also been cited by Naylor et al. (2003) to explain thickness differences in Triassic and Upper Permian sedimentary successions proved in the Annaghmore-1 and Ballynamullan-1 boreholes located on the north shore of Lough
Neagh. An area of Permo-Triassic thinning separates the NE-SW trending Lough Neagh and Larne basins and suggests that although following a common Caledonian trend, they generally formed separate depocentres during the Mesozoic ( Fig. 3 ; Carruthers et al. 1987; Shelton 1997 (Mitchell et al. 1999) . The ignimbrite has a relatively constant thickness (~ 1 m) and contains abundant flints, suggesting the ash flowed over a flat weathered Cretaceous landscape (Mitchell et al. 1999) . This was followed by the eruption of basaltic lavas of the Antrim Lava Group between 61 and 58 Ma ago (Thompson 1985; Preston 2001) . The Antrim Lava Group has been subdivided lithologically into the Lower and Upper Basalt Formations.
These are separated by a succession containing weathering products of the earlier eruptions, and acid volcanics that probably mark the end of the first cycle of volcanism (Preston 2001 ).
The intra-basaltic Tardree Rhyolites have been dated at 58.4 ±0.7 Ma (Earliest Thanetian) by Gamble et al. (1999) , and thus date the Lower Basalt Formation as older than 58.4 Ma (MidPaleocene). Cessation of igneous activity was followed, in the Mid-Palaeogene (end Paleocene to Oligocene), by NNE-SSW compression resulting in NNW-trending dextral and NE-trending sinistral faulting of the lavas and structural inversion (Geoffroy et al. 1996; Mitchell 2004 ).
During the Late Oligocene (Chattian), sediments of the Lough Neagh Group were deposited in two separate areas in NE Ireland. In the Ballymoney area ( km. Tomkeieff (1964) produced an isopachyte map of the Lower Basalt Formation, reproduced in Shelton (1997) , that illustrates thickening towards the centre of Lough Neagh (Fig. 4; Preston 2001) . Shelton (1997) noted that subdivision of the Antrim Lava Group at outcrop is difficult, but confirmed the gross thickening trends reported by previous authors.
Crucially, the attitude of zeolite zones within the basalts shows that the lavas thicken downdip towards the centre of the Lough Neagh Basin (Walker 1995) .
A characteristic common to both the Bovey and Petrockstow pull-apart basins in SW England and the Lough Neagh Basin, is the thickness of their Palaeogene sedimentary fill.
Geophysical measurements over the Bovey Basin suggest that 1000 m of Palaeogene sediments may be present, and a borehole drilled by the British Geological Survey in the centre of the Petrockstow Basin proved 660 m of sands and silts (Bristow & Robson 1994) .
At Lough Neagh, Carruthers et al. (1987) assumed a maximum thickness of 500 m of (Wilkinson et al. 1980) . Coarse sediments penetrated in the vicinity of faults may represent screes formed adjacent to faults active during deposition of the Lough Neagh Group (Parnell et al. 1989 ).
The Lough Neagh Group, Bovey Formation and Petrockstow beds have a marked sedimentological similarity (Wilkinson et al. 1980) . However, the source of the Lough Neagh
Group has been shown to be dominantly eroded Paleocene basalts (Mitchell 2004 ).
Orientation of the Mesozoic and Cenozoic basins
The Ulster Basin, comprising, in part, the Lough Neagh and Larne basins (Figs. 1 & 3) , is a long-established depocentre and has sedimentary successions ranging in age from at least the Carboniferous through the Mesozoic and Cenozoic to the present day (Shelton 1997) . Reay 2004, figure 19.9) .
NE-trend in the
NW to NNW trend in the Mid-Paleocene. Examination of average flow thickness (7.05 m) of the Paleocene basaltic Antrim lavas enabled Walker (1995) to calculate that they were erupted onto a surface with dips of less than 2°. Walker (1995) notes that present-day dips of the basaltic lavas are between 5° and 15° and the dip is centripetal delineating a NW-to NNWtrending saucer shaped structure. Lower Basalt Formation thickness, mapped by Tomkeieff (1964) and reproduced in Shelton (1997) , also suggests a NW to NNW trend to the basin (Fig.   4 ). This arrangement has been noted in other examples of pull-apart basins (Mann et al. 1983) and is discussed later. These two separate depocentres together form a NNE trend ( Figs The NE-trending faults. Due to concealment by the Antrim Plateau Lavas and Lough Neagh, it is not possible to trace any of the ENE-trending faults continuously beneath the Lough Neagh pull-apart basin ( Fig. 3 ; GSNI 1997). However, McCann (1991) observed two ENEtrending gravity ridges extending beneath the lough, where they are dextrally offset by about 4 km (Fig. 2) . It is possible that the ridges represent transfer linkage between two en echelon ENE-trending faults. However, the mapped dextral displacement at Slieve Gullion to the south gives weight to the case that the offset observed on these gravity ridges is indirect evidence for dextral movement beneath Lough Neagh and suggests that ENE-trending faults such as the Sixmilewater Fault, mapped from the Irish Coast just NW of Larne Lough towards the east side of Lough Neagh, and the NE-trending Portmore Fault to the south, could be dextrally offset beneath Lough Neagh (Figs. 3 & 5; GSNI 1994; GSNI 1997 ). Length-breadth ratio Aydin and Nur (1982) , in a study of 70 well-defined transpressional and transtensional rhombic structures, illustrated the wide range of dimensions that can exist. Although the precise dimensions of the Cenozoic Lough Neagh Basin are difficult to quantify, there is no doubt that the length-breadth ratio of the pull-apart is low. The basin is interpreted to be 22 by 18 km (north-south to east-west) in size (Fig. 5) , giving an aspect ratio of 1.2:1. By comparison, the Petrockstow (6 km x 1.5 km) and Bovey basins (7 km x 5 km) have aspect ratios of 4:1 and 1.4:1 respectively (Bristow & Robson 1994) .
NNE trend in the Late

Alignment of depocentres
A residual Bouguer anomaly map for the Lough Neagh Cenozoic basin shows two diagonally arranged gravity lows separated by a ridge located beneath Lough Neagh (Figs. 2 & 4) . These gravity lows may represent depocentres (up to 500 m thick) of Lough Neagh Group sediments (Carruthers et al. 1987) . Depocentres, often diagonally arranged across the floor of a pullapart basin and separated by a shallow sill, have been documented in several examples worldwide (Mann et al. 1983) . The depocentres are sometimes fault bounded, and are located at distal ends of the pull-apart basins.
Regional setting and Cenozoic development of the Lough Neagh pull-apart basin
It is well documented that the application of regional stresses oblique to fault trends gives rise to strike-slip reactivation (Lake & Karner 1987; Ziegler 1990; Bartholomew et al. 1993; Dooley et al. 1999) . A complex regional system of wrench faults extends north of the From the Late Cretaceous, Laramide collision between Africa and Europe produced stresses that induced NW-SE compression and far-field dextral reactivation of favourably-oriented strike-slip faults such as the Sticklepath-Lustleigh fault system (Lake & Karner 1987; Ziegler 1990 ). At the same time volcanic activity, associated with rifting in the Arctic/North Atlantic region, increased and peaked in the Late Paleocene, coinciding with the Laramide phase of intra-plate compressional deformation (Ziegler 1990) . Mild Mid-Paleocene inversion has been recorded in the Celtic Sea Basin and elsewhere west of Britain (Ziegler 1987) . It is in this regional context that the formation of the Cenozoic Lough Neagh pull-apart basin is envisaged to have taken place (Fig. 6 ).
It is proposed here that the segmented, right-stepping NNW-trending faults underwent significant dextral movement in the Mid-Paleocene centred on Lough Neagh (Figs. 5 & 6) .
The NE-to ENE-trending faults crossing the basin may also have experienced Early Cenozoic reactivation, and would have contributed to the formation of the pull-apart ( Fig. 5 ; Parnell et al. 1989) . The formation of a pull-apart basin from right-stepping controlling faults can only occur when the movement on them is dextral. The initiation of the Lough Neagh pull-apart basin would have resulted in subsidence between the major en echelon controlling faults (Dooley et al. 1999) an example of the episodic development of pull-apart basins (Mann et al. 1983) . In the Kish
Bank Basin, between 6-9 km of Cenozoic movement has been estimated for the Codling Fault ( Fig. 1; Jenner 1981; Dunford et al. 2001) , but due to lack of mapped evidence of displacement (GSNI 1997) it is difficult to assess the amount of movement on the NNWtrending faults controlling the formation of the Lough Neagh pull-apart. (Kerr 1987; Millar 1990; Geoffroy et al. 1996) . Geoffroy et al. (1996) recognise a syn-magmatic Paleocene event in which normal faulting and extensional strike-slip occurred, and assign the dextral offsetting of the Carlingford and Slieve Gullion intrusions to this event. An Oligocene NW-SE extensional event, recognized by Geoffroy et al. (1996) , fits well with the proposed dextral movement on the bounding NNWtrending faults of the Lough Neagh pull-apart in the Late Oligocene (Fig. 6 ). This event may also be responsible for the formation of two small Cenozoic basins that have been mapped to the north Ireland (Fyfe et al. 1993) . The Canna Basin, located SW of Skye, and a small basin located SE of Harris adjacent to the Minch Fault, contain Cenozoic sediments of Late Oligocene, Chattian age, contemporaneous with that of the Lough Neagh Group (Wilkinson et al. 1980; Fyfe et al. 1993) .
In summary, the Cenozoic Lough Neagh pull-apart basin was initiated in and sedimentary fill date these episodes of the pull-apart evolution. Regionally, the fault movements that caused initiation and development of the Cenozoic Lough Neagh pull-apart basin were the result of interaction of stresses related to the opening of the North Atlantic with those associated with collision of Africa and Europe and the formation of the Alps (Fig.   6 ).
Implications
The model presented in this paper proposes that initiation of the Lough Neagh pull-apart basin occurred just prior to, or coincident with, eruption of the Lower Basalt Formation. This associates its formation with the eruption of thick flood basalts of the Antrim Lava Group, and prompts the question as to whether the two are linked. Walker (1995) noted the misalignment between the NW-trending volcanic axis, marked by a high density of mapped dykes and rhyolites east of Lough Neagh, and the axis of maximum subsidence, the site of the thickest lavas and pull-apart basin (Fig. 4) . It is suggested here that the reactivation of the NNW-trending faults that formed the pull-apart may also have acted as a focus for fissure eruption of the lavas within the context of the opening of the North Atlantic Ocean.
-12 -LOUGH NEAGH CENOZOIC PULL-APART BASIN Contemporary basin subsidence, marking the early stage of development of the pull-apart, provided accommodation space for the lavas flowing from the fissures. Thus, the anomalous configuration between the volcanic axis and the axis of maximum subsidence (Walker 1995) can be explained by the position of the NNW trending fault east of Lough Neagh in relation to the pull-apart basin sited at Lough Neagh (Fig. 4) .
It has been suggested that intrusion of the Lundy Granite at the end of the Mid-Paleocene (58.7 ± 1.6 Ma; Thorpe et al. 1990) Carlingford (61.4 ± 0.8 Ma) intrusive complexes (dates from Gamble et al. 1999; Mitchell et al. 1999) are located on the NNW-trending fault zone, south of Lough Neagh, that controlled the development of the Lough Neagh pull-apart (Fig. 3) . It is suggested here that emplacement of these intrusive complexes is due to the presence of this active fault zone and may date movements on these faults (Figs. 3 & 6) .
Conclusions
This paper describes the characteristics and development of the Lough Neagh pull-apart basin during the Cenozoic and draws the following conclusions: 
